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571 ABSTRACT

A high yield of straight chain aldehydes, relative to
branched chain aldehydes, is obtained by limiting the
supply of carbon monoxide to the reaction to a value
where the rate of reaction is dependent upon the con-
centration of carbon monoxide in the homogeneous
catalysis of the ‘hydrocarbonylation of hydrocarbon
alpha olefins using a catalyst comprising a complex
between an organic ligand and a Group VIII noble
metal hydride or halide carbonyl. The reaction is per-
formed at mild conditions including temperatures from
50°-200° C. and pressures from 1 to 10,000 atmospheres
to produce aldehydes. The aldehydes are useful as inter-
mediates for hydrogenation to aliphatic alcohols, for
aldol condensation to produce plasticizers, for oxidation
to produce aliphatic acids, etc.

6 Claims, No Drawings
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1
HYDROCARBONYLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a contmuatlon of apphcatmn Ser No 036 045
filed May 4, 1979 entitled *Hydrocarbonylation” now
abandoned which in turn is a continuation-in-part of my
copending application Ser. No. 886,887, filed Jan. 4,
1978, abandoned, which is a continuation of application
Ser. No. 750,770, filed Aug. 7, 1968 (now abandoned);
Ser. No. 036,045 is also a continuation-in-part of my
copending application Ser. No. 937,653, filed Aug. 28,
1978, abandoned, which is a division of application Ser.
No. 840,815, filed July 10, 1969 (now patent 4,110,404),
which in turn is a continuation-in-part of application
Ser. No. 518,562, filed Jan. 4, 1966 (now abandoned);
Ser. No. 036,045 is also a continuation-in-part of my
copending application Ser. No. 926,046, filed July 19,
1978, which is a continuation of application Ser. No.
464,657, filed Apr. 26, 1974 (now abandoned), which in
turn is a continuation of application Ser. No. 81,502,
filed Oct. 16, 1970 (now abandoned), which in turn 1s a
continuation of application Ser. No. 642,191, filed May

29, 1967 (now abandoned).

DESCRIPTION OF THE INVENTION

The invention relates to the reductive carbonylation
of olefins to aliphatic aldehydes having a high ratio of
normal to iso distribution. Hydroformylation of alpha
hydrocarbon olefins is used to prepare aldehydes suit-
able for hydrogenation to alcohols or oxidation to fatty
acids. In some instances aldo condensation of the alde-
hyde product is practiced to obtain high molecular
weight products from substantially lower molecular
weight olefins, e.g., preparation of 2-ethylhexanol from
propylene. In these uses, it is important that the hy-
droformylation yield a high percentage of normal or
straight chain product since the branched chain acids or
alcohols are of substantially lesser usefulness. Accord-
ingly, it is important to provide methods of hydrofor-
mylation that secure high yields of normal, relative to
branched chain, aldehydes.

Recent advances in catalysis have developed hy-
droformylation using ligand complexes of Group VIII
noble metals. These processes exhibit activity at consid-
erably less severe operating conditions, e.g., lower pres-
sures and temperatures than the previously used cata-
lysts. In addition, the ligand imparts greater stability to
the homogeneous catalyst than possessed by prior cata-
lysts.

Some of these advances are disclosed in applications,
Ser. Nos. 518,562, filed Jan. 4, 1966 (now abandoned);
840,815, filed July 10, 1969 (now U.S. Pat.. No.
4,110,404); 937,653, filed Aug. 28, 1978; and 579,825,
filed Sept. 16, 1966 (now U.S. Pat. No. 3,511,880),
wherein it is disclosed that the activity of these noble
metal halide catalysts can be enhanced by the inclusion
of cocatalysts in the liquid phase such as heterocyclic
bridgehead amines or strongly basic materials; and Ser.
Nos. 642,191, filed May 29, 1967 (now abandoned);
81,502,1974 (now abandoned); and 926,046, filed July
19, 1978, which disclose the use of noble metal hydride-
ligand complex catalysts for hydroformylation.

I have now found that the higher than expected
yields of the normal or straight chain aldehydes can be
achieved by use of limited amounts of carbon monoxide
during hydroformylations with a hydride or halide of a
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Group VIII noble metal carbonyl catalyst which 1s
complexed with an organlc ligand selected from the
class consisting of organic phosphines, phosphites, ar-
sines and stibines. When the supply of carbon monoxide
to the reaction is limited past the point where further
limitation causes a decrease in reaction rate, surpris-
ingly, it was found that the yield of normal or straight
chain aldehyde relative to the branched chain aldehyde
is significantly increased. When the catalyst 1s em-
ployed as a hydride, a high activity is observed in the

absence of any cocatalyst. When the catalyst is used as

a halide, it is preferred to include in the solution a
cocatalyst which is a brid gehead nitrogen heterocycloa-

‘mine and which significantly i Increases the rate of reac-

tion with the halide catalyst.

The catalyst used in the invention comprises a com-
plex combination of a Group VIII noble metal hydride
or halide with carbon monoxide and an organic higand.

The Group VIII noble metal can be of the palladium

subgroup, i.e., palladium, rhodium or ruthenium, or of
the platinum subgroup, i.e., platinum, osmium or irid-
ium. The catalyst if employed in its hydride form can be
prepared by treatment of the metal salt with a strong
reducing agent as set forth hereinafter. The metal hy-
dride or halide carbonyl is in association with a biphyl-
lic ligand which is an organic material having one atom

selected from the group of phosphorus, arsenic, anti-

- mony and bismuth in the trivalent state and having an
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unshared pair of electrons capable of coordinate cova-
lent bonding with the catalyst to thereby form a com-
plex useful in the catalysis.

With the aforementioned catalyst, described in
greater detail hereinafter, the carbonylation of ethyleni-
cally unsaturated compounds proceeds rapidly at rela-

tively mild conditions including temperatures from

about 0° to about 250° C. and pressures of from 1 to
about 1000 atmospheres with hydrogen and, as herein-
after described, limited amounts of carbon monoxide.
The ethylemcally unsaturated compound car-
bonylated in accordance with my invention can com-
prise any hydrocarbon alpha olefin having from 2 to

about 25 carbons; preferably from 2 to about 18 car-

bons. This olefin has the following structure:

50 RHoR 1 C=CH>

‘wherein R; and Rj are hydrogen, alkyl cycloalkyl

aryl, alkaryl or aralkyl.

Examples of useful olefins are the hydrocarbon ole-
fins such as ethylene, propylene, butene-1, 2-methylbu-
tene-1, hexene-1, 3-ethylhexene-1, 1sobutylene, octene-
1, 2-propylhexene-1, ethyl-cyclohexene, decene-1, 4,4'-

dimethylnonene-1, dodecene-1, undecene-1, 6-propyi-

decene-1, tetradecene-1, 7-amyldecene-1, hexadecene-1,
4-ethyltridecene-1, octadecene-1, 5,5-dipropyldodec-
ene-1, vinylcyclohexane, allylcyclohexane, styrene,
p-methylstyrene, alpha-methylstyrene, p-vinylcumene,
betavinylnaphthalene, 1,1-diphenylethylene, allylben-
zene, 6-phenylhexene-1, 1,3-diphenylbutene-1, 3-ben-

zylheptene-1, o-vinyl-p-xylene, m-methylstyrene, divi-

nylbenzene, 1-allyl-4-vinylbenzene, p-ethylstyrene, etc.
Of the preceding, the alpha olefins having 2 to about 16
carbons are preferred classes.

The reaction is performed under llquld phase condl-
tions and, when the olefin comprises a liquid at the
reaction conditions, the olefin can be used in excess to
provide the liquid reaction medium. If desired, how-
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ever, any suitable organic liquid can be employed as a
reaction solvent; preferably, organic solvents which are
inert to the reaction conditions, the reactants, the cata-
lyst and the products are employed. Examples of suit-
able solvents which can be used 1n accordance with my
invention include hydrocarbons such as the aromatic,
aliphatic or alicyclic hydrocarbons, ethers, esters, ke-

tones, etc.
Examples of suitable hydrocarbons that can be em-
ployed in the solvents include aromatic hydrocarbons

such as benzene, toluene, xylene, ethylbenzene, tetralin,
etc.; aliphatic hydrocarbons such as butane, pentane,
isopentane, hexane, isohexane, heptane, octane, isooc-
tane, naphtha, gasoline, kerosene, mineral oil, etc.; ali-
cyclic hydrocarbons, e.g., cyclopentane, cyclohexane,
methylcyclopentane, decalin, indane, etc.
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Various alkyl and aryl ketones can also be employed

as the reaction solvent, e.g., acetone, methylethyl ke-
tone, diethyl ketone, duisopropy! ketone, ethyl-n-butyl
ketone, methyl-n-amyl ketone, cyclohexanone, diisobu-
tyl ketone, etc.

Ethers can also be employed as the reaction solvent,
e.g., diisopropyl! ether, di-n-butyl ether, ethylene glygol
diisobutyl ether, methyl o-tolyl ether, ethylene glycol
dibutyl ether, diisoamyl ether, methyl p-tolyl ether,
methyl m-tolyl ether, dichloroethyl ether, ethylene
glycol duisoamyl ether, diethylene glycol diethyl ether,
ethylbenzyl ether, diethylene glycol diethyl ether, di-
ethylene glycol dimethyl ether, ethylene glycol dibutyl
ether, ethylene glycol diphenyl ether, triethylene glycol
diethyl ether, diethylene glycol di-n-hexyl ether, tetra-
ethylene glycol dimethyl ether, tetraethylene glycol
dibutyl ether, etc.

Various esters can also be employed as the solvent,
e.g., ethyl formate, methyl acetate, ethyl acetate, n-pro-
pyl formate, 1sopropy! acetate, ethyl propionate, n-pro-
pyl acetate, sec-butyl acetate, isobutyl acetate, ethyl
n-butyrate, n-butyl acetate, isoamyl acetate, n-amyl

acetate, ethyl formate, ethylene glycol diacetate, glycol

diformate, cyclohexyl acetate, furfuryl acetate, isoamy]
n-butyrate, diethyl oxalate, isoamyl isovalerate, methyl
benzoate, diethyl malenate, valerolactone, ethyl benzo-
ate, methyl salicylate, n-propyl benzoate, n-dibutyl oxa-
late, n-butyl benzoate, diisoamyl phthalate, dimethyl
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phthalate, diethyl phthalate, benzyl benzoate, n-dibutyl

phthalate, etc. A preferred class of ester solvents in-
cludes the lactones, e.g., butyrolacetone, valerolactone
and their derivatives having lower (Ci-Cs) alkyl sub-
stituents.

Alcohols can also be employed as a reaction solvent.
Preferably tertiary alcohols are employed since these
materials are substantially non-reactive under the reac-
tion conditions. Primary and secondary alcohols can be
employed but are less preferred since these materials
can react with aldehyde compounds under the reaction
conditions to produce acetals. While in some instances
these may be desired products, it is generally desirable
to produce the carbonyl compound or alcohol directly
without the formation of the acetal. It is of course ap-
parent, if desired, that the acetal can be hydrolyzed to
obtain the aldehyde. Examples of alcohols that can be
employed as solvents include the aliphatic and alicyclic
alcohols such as methanol, ethanol, isopropanol, buta-
nol, t-butanol, t-amyl alcohol, hexanol cyclohexanol,
etc.
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4
Ligand

The catalyst comprises a Group VIII noble metal
hydride or halide in complex association with carbon
monoxide and an organic phosphite, phosphine, arsine,
stibine or bismuthine. The trivalent phosphorus, ar-
senic, antimony or bismuth atom has a pair of electrons

capable of forming a coordinate covalent bond with the

metal atom and simuitaneously has the ability to accept
the electron from the metal, thereby imparting addi-

tional stability to the resulting complex. Biphyllic li-
gands can comprise organic compounds having at least
about 3 carbons and containing arsenic, antimony, phos-
phorus or bismuth in a trivalent state. Of these, the
phosphines are preferred; however, phosphites, arsines,
stibines and bismuthines can also be employed. In gen-
eral, these biphyllic ligands have the following formula:

Ri=Y—R3

|
R>

wherein:

Y 1s As, Sb, P, B1 or P—0);3; -

R1 and Rj are hydrogen, alkyl from 1 to about 8
carbons or aryl from 6 to about 9 carbons, or
amino, alkoxy or halo substitution products
thereof; and |

R31s alkyl from 1 to 8 carbons, aryl from 6 to 9 car-
bons or |
—(CH3),—Y—R4
Rs
wherein:

n is from 3 to about 6; and
R4 and Rsare alkyl from 1 to about 8 carbons or aryl
from 6 to about 9 carbons.
Examples of suitable biphyllic ligands useful in my
invention to stabilize the catalyst composition are the
following: trimethylphosphine, trimethylphosphite,

- triethylarsine, triethylbismuthine, triisopropylstibine,

chlorodiethylphosphine, chlorodipropylarsine,
tri(aminobutyl)arsine, tris(aminoamyl)phosphine, ethyl-
duisopropylstibine, tricyclohexylphosphine,
tri(faminocyclohexyl)stibine, triphenylphosphine, tri-
phenylphosphite, triphenylbismuthine, tris (N,N-dime-
thylanilyl)-phosphine, tris(o-tolyl)phosphine, triphenyl-
bismuthine, tris(2-ethylhexyDarsine, tris(methylcy-
clopentyl)stibine, tris(cholorophenyl)bismuthine, triani-
lylbismuthine, phenyldiisopropylphosphine, phenyl-
diamylphosphine, ethyldiphenylphosphine, chlorodix-
ylylphosphine, chlorodiphenylphosphite, tris(IN,N-die-
thylaminoethyl)phosphine, ethylene bis(diphenylphos-
phine), tritolylphosphine, tricyclohexylphosphite, tris(-
methylcyclopentyl)arsine, tritolylstibine, hexamethyl-
ene bis(diisopropylarsine), pentamethylene bis(diethyl-
stibine), diphenyl(N,N-dimethylanilinyl)phosphine, tri-
phenylanilylethylenediphosphine, trianilinylphosphine,
tr1s(3,5-diaminophenyl)phosphine, trianilinylarsine,
anilinyldiphenylbismuthine, = aminoethyltriisopropyl-
hexamthylenediphosphine, chlorophenyltriphenylpen-
tamethylenediarsine, tetraethylethylenedibismuthine,
tetraphenylethylenediphosphite, tetramethyltrime-
thylenedistibine, etc. Of the aforementioned, the aryl
phosphines are preferred with Group VIII noble metals
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because of the demonstrated greater activity of noble
metal catalysts comprising the aryl phosphines.

Preparatlon Of The Hydride Catalyst

The Group VIII noble metal hydride complexes W1th
carbon monoxide and the ligand can be formed by re-
duction of a metal salt carbonyl-ligand complex or can
be formed from the metal hydrides themselves. Exam-
ples of suitable sources of the noble metals are as fol-
lows: bis(triphenylphosphine)iridium carbonyl chlo-
ride; tris(triphenylphosphine)iridium carbonyl hydride;
iridium carbonyl; iridium tetrabromide, iridium tribro-
mide, iridium triflouride; iridium trichloride; osmium
~ trichloride; chloroosmic acid; palladium hydride; palla-
dous chloride, palladous cyanide; palladous iodide; pal-
ladous nitrate, platanic acid; platanous iodide; palladium
cyanide; sodium hexachloroplatinate; potassium tri-
chloro(ethylene)platinate(Il); chloropentaaminorhodi-
um(IID) chloride; rhodium dicarbonyl chloride dimer;
rhodium nitrate; rhodium trichloride; tris(triphenyl-
phosphine)rhodium carbony! hydride; tris(triphenyl-
phosphine)rhodium(I)chloride; ruthemium trichloride;
tetraaminorutheniumhydroxychloro chloride, etc.

Of the aforementioned, the hydride carbonyl com-
plexes with triphenylphosphine of rhodium and iridium
can of course be directly added to the reaction as the
catalytically active material. The hydride carbonyls can
also be formed from the hydrides such as_ palladium
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hydride by adding the palladium hydride and excess of 30

the organic ligand to a reaction zone containing an inert
liquid and introducing carbon monoxide into the liquid
phase to form the carbonyl. Atmospheric or superat-
mospheric pressures up to about 1000 atmospheres can
be used as desired to accelerate the formation of the
carbony! complex catalyst. *

The hydride catalyst can also be formed from the
Group VIII noble metal salts previously mentioned. In
this preparation the Group VIII noble metal salt 1s sub-
jected to a reduction with a strong reducing agent and
this reduction can be performed in the presence of el-
ther or both of the carbon monoxide and ligand. When
only one of these components is present during the
reduction, the remaining component can be added after
the reduction to form the cataylst complex. Suitable
strong reducing agents comprises the alkali metal hy-
drides and the alkali metal boron and aluminum hy-
drides such as sodium hydride, potassium hydride, lith-
ium hydride, boron hydride, e.g., sodium borohydride,
potassium borohydride, lithium borohydride, cesium
borohydride, sodium aluminum hydride, hithium alumi-
num hydride, potassium aluminum hydride, cesium
aluminum hydride, etc., in a suitable inert organic sol-
vent such as any of those aforementioned. When non-
halide sources are used such as the nitrate or sulfate,
salts are used, reduction to the hydride can be achieved
by treatment with hydrazine using any inert organic
solvent such as those aforementioned. The reduction 1s
performed at relatively mild temperatures from about
25° to about 75° C. and, preferably, is performed in
aqueous alkanol solvent. The reduction results in the
~ reduction of the metal salt, e.g., rhodium nitrate to
rhodium hydride. When this reaction is performed in
the presence of the organic ligand and under carbon
monoxide pressure, the Group VIII noble metal hy-
dride complex with carbon monoxide and triphenyl-
~ phosphite can be obtained directly.
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6 _
Preparation Of The Halide Catalyst

The halide containing complex catalyst can be
formed by contacting a halide salt of the noble metal
with the ligand and a suitable source of carbon monox-
ide such as carbon monoxide or an aliphatic amide, e.g.,
formamide, dimethyl formamide, acetamide, etc. The
catalyst can be formed by contacting the noble metal
halide, e.g., ruthenium trichloride, rhodium trichloride,
iridium trifluoride, osmium dibromide, platinum diio-
dide, palladium dichloride with the phosphite and then
introducing carbon monoxide and, if desired, hydrogen.
The contacting can be performed in aqueous solvents or

in any of the organic liquids previously described as
suitable hydroformylation solvents. The contacting of

the catalyst components can be performed at tempera-
‘tures from about 25° to 225° C. and at pressures from 1

to about 1000 atmospheres. A suitable preparation com-
prises refluxing the solution containing the components
under a carbon monoxide atmosphere at 1 to about 10
atmospheres pressure. |

The catalyst can be formed directly in the reaction
zone prior to introducing the olefin and commencing
the hydro-carbonylation or it can be purified by crystal-
lization from the liquid media used in its preparation and
introduced as a preformed complex.

The noble metal complex 1s employed in the reactlon

zone in catalytic amounts and this is generally an
amount sufficient to provide a concentration of the
Group VIII noble metal between about 0.002 and about

2.0 weight percent of the liquid reaction medium and

preferably between about 0.05 and about 0.5 weight
percent. ~

The cocatalyst employed with the aforementioned
Group VIII noble metal halide carbonyl organic ligand
complex is a poly(heterocyclo)amine having at least one
nitrogen in a bridgehead position. The term “bridge-

head position” is well established in chemcial nomencla-

ture to identify the position of an atom which i1s com-
mon to at least two of the rings of the polycyclo com-
pound. Preferably the amine is a atom-bridged system,
i.e., atoms, generally methylene carbons, form the
bridge or link in the molecule rather than a simple va-
lence bonding. The amine is also used in catalytic
amounts, e.g., from about 0.001 to about 10 weight
percent; preferably from about 0.05 to 5 weight percent
of the liquid reactio medium. In general, amines having
from 1 to about 4 nitrogen atoms and from 1 to about 23
carbons; preferably from 2 to about 10 carbons; can be
employed for this purpose and the following is a listing
of representative amines useful in my invention: 1,2,4-
triazabicyclo(1.1.1) pentane; 1,5,6-triazabicyclo(2.1.1)
hexane; 5-oxa-1,6-diazabicyclo(2.1.1)hexane; 5-thia-1,6-
diazabicyclo(2.1.1)hexane;
clo(2.1.1)hexane; 1,2,5,6-tetrazabicyclo(2.1.1)hexane;
5-oxa-1,2,3,6-tetrazabicyclo (2.1.1)hexane; 1-azabicy-
clo(3.3.1)heptane; l-azabicyclo(2.2.1) heptane; 1,4~
methano-1,1-pyridine; 2-ox-1-azabicyclo(2.2.1)heptane;
1,4-diazabicyclo(2.2.1)heptane; 7-0xa-1-azabicy-
clo(2.2.Dheptane;  7-thia-1-azabicyclo(2.2.1)heptane;
1,7-diazabicyclo(2.2.1)  heptane; 1,3,5-triazabicy-
clo(2.2.D)heptane; 1-azabicyclo(3.2. 1) octane; 1,5-diaza-
tricyclo(4.2.1)decane; 1,7-diazatricyclo(3.3.1.2)undec-
ane;  7ox-1-azabicyclo(3.2.1)octane;
clo(3.2.1)octane; 3-thia-1,7-diazabicyclo(3.2.1)octane;
1,3,6,8-tetrazatricyclo(6.2.1.1)dodecane; 2,8-diazatricy-
clo (7.3.1.1)tetradecane; 1-azabicyclo(3.3.1)nonene, also
known as l-isogranatinine and the oxo, hydroxy and

2-0xa-1,5,6-triazabicy-

1,7-d1azabicy-

ot
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lower alkyl derivatives thereof; 1-azabicyclo(2.2.2)oc-
tane also known as quinuclidine as well as the halo, oxo,
hydroxy and lower alkyl derivatives thereof; 1-azatricy-
clo(3.3.1.1)decane; 1,3-diazabicyclo(2.2.2)octane; 1,3-
diazabicyclo(3.3.1)nonene; 1,6-diazatricyclo(5.3.1)do-
decane; 2-ox-1-azabicyclo(2.2.2)octane; 4,6,10-triox-1-
azatricyclo(3.3.1.1)decane; 1,5-diazabicyclo(3.3.1)no-
nene;  1,2,5,8tetrazatricyclo(5.3.1.1)dodecane;  1,4-

diazabicyclo(2.2.2)octane also known as triethylene
diamine and its oxo, hydroxy, halo and lower alkyl

derivatives thereof; 1,3-diazatricyclo(3.3.1.1) decane
also known as 1,3-diazaadamantane; 1,3,5-triazatricy-
clo(3.3.1)decane; 1,3,5,7-tetrazabicyclo(3.3.1)nonene
also known as pentamethylene tetramine; 1,3,5,7-tet-
razatricyclo(3.3.1.1) decane also known as hexamethyl-
ene tetramine; 2-oxa-l1,3,4-trtazabicyclo(3.3.1)nonene;
l-azabicyclo(4.3.1)decane; 1-azabicyclo(3.2.2)nonene;
1,5-diazabicyclo(3.2.2)nonene; 1,3,5,7-tetrazabicy-
clo(3.3.2)decane; 1,5-diazabicyclo(3.3.3)undecane, etc.

The reaction 1s performed under relatively mild con-
ditions including temperatures from about 50° to about
200° C.; preferably from about 70° to about 150° C.
Sufficient pressure 1s used to maintain the reaction me-
dium 1n liquid phase. Although atmospheric pressure
can be used, the rate of reaction 1s increased by superat-
mospheric pressures and, therefore, pressures from
about 5 to about 300 atmospheres and preferably from
about 10 to about 100 atmospheres are used. The pre-
ceding conditions are maintained by conventional
means. Since the reaction is exothermic, the tempera-
ture can be maintained by suitable cooling of all or a
portion of the reaction zone contents. The pressure can
be maintained by the pressure of the gases supplied to
the reaction zone. If desired, a suitable inert gas can also
be charged to the reaction zone to reduce the partial
pressures of the reacted gases, 1.e., hydrogen and carbon
monoxide. Nitrogen 1s a suitable inert gas.

The relative concentration of the carbon monoxide
and hydrogen significantly affects the distribution of the
normal and branched chain insomers in the product.

‘The carbon monoxide to hydrogen ratio can be main-

tained from about 1:10 to about 1:3 and preferably from
about 1:10 to about 1:5 to favor production of the
straight chain aldehyde. Surprisingly, under these high
hydrogen partial pressures, the straight chain product
can be obtained in amounts from 3 to 8 times the yield
of the branched chain aldehyde.

The reaction when performed under conditions that
insure adequate mass transfer and diffusion of reactants
1s generally independent of the rate of supply of carbon
monoxide in ratios of hydrogen to carbon monoxide
from 1:10 to about 10:1. Thus when the reactant gases
are sparged into the liquid phase and this liquid phase is
adequately agitated, e.g., by stirring the reaction rate
constant, K, i1s independent of carbon monoxide partial
pressure and 1s first order dependent on the concentra-
tions of catalyst, olefin and hydrogen. When less ade-
quate mixing techniques are employed, e.g., when the
liquid phase 1s not stirred and/or is not sparged with the
reactant gases the reaction rate can become dependent
on the carbon monoxide concentration at ratios of hy-
drogen to carbon monoxide as low as about 3:1.

When the carbon monoxide supply to the hydrofor-
mylation is limited to a level where the reaction rate is
responsive to the carbon monoxide concentration, e.g.,
the partial pressure of carbon monoxide in the reactor
gas phase, I have found that a significant increases in the
vield of the normal, relative to the branded chain, alde-
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hyde occurs. This increase can conveniently be ex-
pressed as an increase in the ratio of the normal to
isoaldehyde (n/1).

The invention therefore comprises performing the
aforedescribed hydroformylation process while main-
taining the concentration of hydrogen to carbon mon-
oxide between about 3:1 and about 250:1 and sufficient

to cause the reaction rate to become dependent on this
relative concentration. Since the concentrations of
these gaseous reactants are proportional to their partial

pressures in the gas phase of the reactor, the concentra-
tions can be simply maintained by controlling the sup-
ply of these reactants so as to maintain their partial
pressures within the aforementioned ratios. Preferred
ratio ranges depend somewhat on mixing techniques;
e.g., sparged and stirred reactors requre high values for
the ratio from about 35:1 to about 200:1 sparged and
unstirred reactors from 12:1 to about 100:1; stirred and
unsparged reactors from 3:1 to about 20:1.

The selectivity of the reaction for a straight chain
aldehyde can also be increased by including limited
amounts of water in the reaction zone. While the prac-
tice of the invention under substantially anhydrous con-
ditions with about equal molar quantities of carbon
monoxide and hydrogen is preferred, the addition of
water to this reaction in amounts from 1 to about 50
percent of the liquid reactants can also significantly
increase the yield of normal aldehyde. The aforemen-
tioned increase in hydrogen concentration, relative to
carbon monoxide, can also be performed in the partially
aqueous solvent to obtain even greater yields of the
straight chain product. A typical embodiment uses
water from 35 to about 15 weight percent of the hguid
reactants.

The process can be conducted continuously or batch-
wise; however, the continuous processing i1s preferred.
In the latter preferred technique, the catalyst 1s charged
to the reaction zone in a suitable solvent or in excess of
the olefin and the gaseous reactants are introduced into
contact with the reaction solent and catalyst in the
reaction zone. A continuous withdrawal of the liquid
phase in the reaction zone can be employed; this mate-
rial 1s then reduced in pressure to remove the dissolved

- gases which can be recycled, cooled and then distilled

to recover the desired products. When low molecular
weight products are produced, e.g., propionaldehyde,
this product can be recovered by employing a high gas
rate through the reactor to strip the product from the
reaction solent which, destrably, is a higher boiling
liguid such as tertiary butanol, tertiary amyl alcohol,
butyrolactone, etc.

Because the reaction conditions are very mild, the
products can remain in the reaction zone without en-
countering undue degradation to less desired products
and therefore batchwise operation can be practiced by
introducing the olefin, hydrogen and carbon monoxide
into contact with the catalyst solution until a sufficient
inventory of product is accumulated in the reaction
zone and thereafter the reaction discontinued and the
product recovered by suitable steps, typically distilla-
tion.

A preferred embodiment of the invention utilizes
excess of the organic ligand. Use of excess amounts as
hereafter defined has been found to.increase the rate of
reaction and to increase the yield of the normal, i.e.,
straight chain, carbonyl product. Excess guantities of
the ligand include from 2 to about 100 times the stoi-
chiometric amount of ligand that is complexed with the
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noble metal catalyst. Preferably, the amount in excess is
from 5 to about 20 times this stoichiometric quantity.
The stoichiometric quantity varies between the noble
metals but is from 2 to about 4 and usually 3 molar
quantities of ligand per atomic quantity of noble metal. 5

The practice of the invention will now be illustrated
by the following examples which will also serve to
demonstrate the results obtainable thereby:

- EXAMPLE 1

The hydroformylation of proplyene is performed in a
half-gallon titanium autoclave having a stirrer and
means to introduce the reactants into the liquid contents
of the autoclave. In a series of experiments, the auto-
clave is charged with 0.3 gram rhodium trichloride, 2.0
grams 1,4-diazabicyclo- (2.2.2)octane, 2.0 grams tri-
phenylphosphine and 250 milliliters butyrolactone. The
autoclave is closed, pressured with carbon monoxide,
then with hydrogen to provide a total pressure of 600
psig, and heated to and maintained at 190° F. for the
periods indicated in the following table. The autoclave
was depressured, collecting the condensible gases and
the condensate and autoclave contents analyzed. The
following table summarizes the results:

10

15

20

25
Experi- Time, : ___Aldehyde Condensible Gas
ment Minutes H/CO Grams  1n/i C3Hg CiHg
] 25 1/1 93 - 2.15 0.17 31.8
2 15 3/1 - 33 3.7 —_ —
3 20 5/1 10 8.0 7.16 55.3

30

The preceding data evidence that a very significant
increase in yield of normal aldehyde can be obtained by
limiting the carbon monoxide supply to a level where
the reaction rate is decreased by such limitation.

The experiments 1 and 3 are repeated with inclusion
of 10 weight percent water in the solvent and the fol-
lowing results are obtained:

35

Experi- Time, | ___Aldehyde Condensible Gas 0
ment Minutes - H/CO Grams n/i C3Hg CaHg
4 6 1/1 96 3.6 9.3 46.6
5 14 5/1 21 9.2  40.54 38.53
45
EXAMPLE 2

The hydroformylation of proplyene is performed in a
continuous bench scale reactor comprising a titanium
tube 24 inches in diameter having a stirring paddle 13
inches in diameter by 9/16 inch wide centrally posi-
tioned near the bottom of the reactor and surrounded
by a baffle 2§ inches in diameter. A helical coil con-
nected to a supply of cooling water is placed in the
reactor. A gas introduction tube connected to a source
of hydrogen and carbon monoxide enters the reactor
and terminates at a point about 9% 1nches above the
reactor bottom.

The reactor is charged with sufficient of the liquid
reaction medium to raise the liquid level to adjacent the
end of the gas introduction tube so that the experiments
are performed in a stirred but unsparged system. The
reaction medium comprises 0.6 gram tris(triphenyiphos-
phine)rhodium carbonyl hydride and 5 grams triphenyl-
phosphine per liter of a 2:1 mixture of normal and iso- 65
butyraldehydes. A gaseous effluent is continuously
withdrawn from the reactor, cooled, and the buty-
raldehyde product condensed therefrom and the uncon-

50
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densed vapors are admixed with a fresh supply of hy-
drogen, cabon monoxide and propylene and returned to
the reactor through the gas inlet line. Sufficient solvent
is added to the reactor, when necessary, through a sepa-
rate introduction line.

In a series of experiments, the reactor is stirred at
1200 rpm and the temperature of the reactants is main-
tained at 200° F., and the total reactor pressure 1s at 500
psig while propylene is continuously introduced at a
constant rate between about 0.5 and 0.8 pounds per
hour. The carbon monoxide and hydrogen are supplied
at varied rates fo maintain the partial pressures of these
components set forth in the following table which sum-

marizes the results:

Ex- Reaction
peri- _ Partial Pressure Aldehyde Rate
ment C3Hg CO H; H>/CO Grams/hr n/i Constant, K
6 57 197 267 1.4 249 2.1 20
7 52 116 . 335 2.9 225 2.3 15.9
8 51 107 340 3.2 234 2.5 16.7
9 52 79 368 4,7 286 2.5 18.4
10 66 52 382 7.4 316 3.1 15 .
11 48 30 417 140 139 4.2 8.5
12 55 16 434 80 6.5 4.1

27.6

These data evidence that as the Hy/CO ratio is in-
creased above about 4.7:1 for a stirred and unsparged
system, the reaction rate (K) decreases and the yield of
normal or straight chain aldehyde increases.

In related experiments the rate of stirring is altered
and the following results are obtained:

| Reaction
Ex-  Stir- . Rate -
peri- rer _ Partial Pressure Aldehyde - Constant,
ment rpm C3H¢ CO Hz Hy/CO Gm/Hr. n/i K

13 600 56 113 335 3.0 183 28 119 -

14 103 127 279 2.2 2.9

300 - 68 2.4

The preceding data demonstrate that the feac'tion':ra'te
and yield of normal aldehyde are dependent on the

agitation applied to the liquid phase.

"EXAMPLE 3

The reactor gas inlet is altered to provide a gas dis-
tributor at the bottom of the reactor, beneath the stirrer
to which the gas inlet is connected, thereby providing a
stirred and sparged system. In a series of experiments
the reactor contents are maintained at 200° F., the pres-
sure at 825 psig, the stirrer at 1200 rpm, the catalyst
concentration at 179 milligrams rhodium per liter of
solvent and the hydrogen and carbon monoxide

supplies are varied to obtain the following results:

. Reaction

‘Rate

Experi- _ Partial Pressure Aldehyde - Constant,
ment C3Hg CO H; Hy/CO Grams/hr n/i K
15 53 177 286 1.6 332 2.03 23.6
16 51 103 362 3.5 332 2.09 234
17 57 119 637 5.4 489 2.07 i7.5
18 45 97 669 6.9 537 212 229
19 49 17 43 481 2.36 16.9

746
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EXAMPLE 4

The following series of experiments illustrate the

effect of varied carbon monoxide/hydrogen ratios of

the product distribution. The one-half gallon autoclave
was charged with 250 grams butyrolactone, 2 grams
1,4-diazabicyclo(2.2.2)octane, 2 grams triphenylphos-
phine, 0.3 gram rhodium chloride. The autoclave was
closed, purged with nitrogen and 132 grams propylene
were introduced. Carbon monoxide was then intro-
duced to raise the autoclave pressure by 300 pst and
then an additional 300 psig increase with hydrogen. The
autoclave was heated to 195°-250° F. and maintained at
that temperature for § minutes. The autoclave was then
cooled, depressured and opened and the liquid contents
distilled to recover 104 grams of mixed butyraldehydes
having a ratio of the normal to the isomer of 2.5.

The experiment was repeated; however, the auto-
clave was pressured with only 150 ps1 of carbon monox-
ide and 450 psi (total pressure about 725 psig) with
hydrogen. After 15 minutes at 190° F. the autoclave was
cooled and the contents distilled to recover 53 grams
mixed butyraldehydes having a ratio of the normal to
the isomer of 3.7. ‘

The experiment was again repeated; however, the
autoclave was pressured only 100 psig with carbon
monoxide and 500 psi (total pressure about 725 psig)
with hydrogen. A total of 17 grams mixed butyralde-
hydes was obtained within a 20-minute reaction period
at 185°-190° F. with a ratio of the normal to the
branched chain aldehyde of 8.0.

EXAMPLE 5

The following experiments illustrate the effect of
water on the reaction rate and product distribution. Into
a one-half gallon autoclave was charged 300 grams
butyrolactone, 50 grams water, 2 grams 1,4-diazabicy-
clo(2.2.2)octane, 2 grams triphenylphosphine and 0.4
gram rhodium chloride. The autoclave was closed,
purged with mitrogen and 104 grams of propylene were

introduced. Thereatter equal volumes of carbon monox-

ide followed by hydrogen were introduced to raise the
pressure 600 psi. The autoclave was heated to 190° F.
and maintained at that temperature for 6 minutes, then
cooled, depressured and opened. The liquid products
were distilled to obtain 90.5 grams normal butyralde-
hyde and 21.7 grams isobutyraldehyde (ratio of 4.17).

The experiment was repeated; however, the water
content was increased to 87 grams and the butyrolac-
tone content was decreased to 263 grams. The follow-
ing products were obtained within a 6 minute reaction
period at 190° F.: 96.3 grams normal butyraldehyde and
20.4 grams 1scbutyraldehyde (ratio of normal to iso of
4.23).

The experiment was repeated substituting 35 grams
water and 315 grams butyrolactone for the previously
employed solvent. The following products were ob-
tained within a 6 minute reaction period at 190° F.: 90.0
grams normal butyraldehyde and 25.1 grams 1sobutyral-
dehvyde (ratio of normal to 1so of 3.6 ).

While the preceding illustrates hydroformylation
with rhodium catalyst, substanfially the same result-
s—although at lower reaction rates-—can be obtained
with the direct substitution of an equivalent weight of
the other noble metal complexes, e.g., tris(triphenyl-
phosphine)iridium hydride carbonyl or bis(tritolylphos-
phite)ruthenium carbonyl chloride for the rhodium
catalysts described 1n the 1llustrations.
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While the preceding examples descr_ibe a preferred
mode of practice of the invention, it is not intended that
the invention be unduly limited by the exemplified dis-
closure but instead that the invention be defined by the
steps and reagents, and their obvious equivalents, set
forth in the following claims:

I claim: L

1. In a process for hydroformylating hydrocarbon
alpha olefins having from 3 to about 25 carbon atoms to
form aldehydes, wherein the process.is carried out in a
reaction zone: (1) in the presence of a liquid reaction
medium, (2) with carbon monoxide and hydrogen, (3) at
a temperature of about 50° to about 200° C., (4) at a
pressure of about 1 to about 10,000 atmospheres, and (5)
with a catalyst comprising a complex between a rho-
dium carbonyl hydride or a rhodium carbonyl halide
and an organic ligand of the formula:

R]“}l’“f{g
Ry .

wherein R, Ryand Rj3are aryl of 6 to about 9 carbon

atoms,
the improvement comprising:

sparging sald carbon monoxide and hydrogen into
said liquid reaction medium and maintaining in said
reaction zone a relative concentration of hydrogen
to carbon monoxide of at least 12/1, thereby effect-
ing an increase in the yield of straight chain, rela-
tive to branched chain, aldehyde product.

2. The process of claim 1 wherein the liquid reaction
medium is stirred and the relative concentration of hy-
drogen to carbon monoxide i1s maintained at a value
greater than about 35:1. |

3. In a continuous process for hydroformylating hy-
drocarbon alpha olefins having from 3 to about 25 car-
bon atoms to form aldehydes, wherein the process is
carried out in a reaction zone: (1) in the presence of a
liquid reaction medium, (2) with carbon monoxide and
hydrogen, (3) at a temperature of about 50° to about
200° C., (4) at a pressure of about 1 to about 10,000
atmospheres, and (5) with a catalyst comprising a com-

- plex between a rhodium carbonyl hydride or a rhodium

carbonyl halide and an organic ligand of the formula:

R]“""II}“"'RE
R3

wherein R, R> and Rz are aryl of 6 to about 9 carbon
atoms; |
wherein liquid reaction medium 1s continuously with-
drawn from the reaction zone; wherein dissolved reac-
tant gases are removed from the withdrawn liquid reac-
tion medium; and wherein the reactant gases, removed
from the withdrawn liquid reaction medium, are recy-
cled to the reaction zone; the improvement comprising:
sparging said carbon monoxide and hydrogen into
said liquid reaction medium and maintaining in said
reaction zone a relative concentration of hydrogen
to carbon monoxide of at least 12/1, thereby effect-
ing an increase in the yield of straight chain, rela-
tive to branched chain, aldehyde product.

4. The process of claim 3 wherein the liquid reaction
medium 1s stirred and the relative concentration of hy-
drogen to carbon monoxide i1s maintained at a value
greater than about 335:1.
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5. In a continuous process for hydroformylating hy-
drocarbon alpha olefins having from 3 to about 25 car-
bon atoms to form aldehydes, wherein the process is
carried out in a reaction zone: (1) in the presence of a
liquid reaction medium, (2) with carbon monoxide and
hydrogen, (3) at a temperature of about 50° to about
200° C., (4) at a pressure of about 1 to about 10,000
atmospheres, and (5) with a catalyst comprising a com-
plex between a rhodium carbonyl hydride or a rhodium
carbonyl halide and an organic ligand of the formula:

R]'—II)"“RZ
Rj3
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wherein R, Ry and Rjare aryl of 6 to about 9 carbon
atoms;
wherein a gaseous effluent is continuously withdrawn
from the reaction zone; wherein the gaseous effluent is
cooled to condense the aldehydes formed; and wherein
the uncondensed vapors are recycled to the reaction
zone; the improvement comprising:
sparging said carbon monoxide and hydrogen into
said liquid reaction medium and maintaining in said
reaction zone a relative concentration of hydrogen
to carbon monoxide of at least 12/1, thereby effect-
ing an increase in the yield of straight chain, rela-
tive to branched chain, aldehyde product.
6. The process of claim § wherein the liquid reaction
medium 1s stirred and the relative concentration of hy-
drogen to carbon monoxide is maintained at a value

greater than about 33:1.
* *x % % 3k



	Front Page
	Specification
	Claims

